The cloud and bubble chambers have been used historically for particle detection, capitalizing on supersaturation and superheating respectively. Here we present the snowball chamber, which utilizes supercooled liquid. In our prototype, an incoming particle triggers crystallization of purified water. We demonstrate water is supercooled for a significantly shorter time with respect to control data in the presence of AmBe and 252 Cf neutron sources. A greater number of multiple nucleation sites are observed as well in neutron calibration data, as in a PICO-style bubble chamber. Similarly, gamma calibration data indicate a high degree of insensitivity to electron recoils inducing the phase transition, making this detector potentially ideal for dark matter searches seeking nuclear recoil alone, while muon veto coincidence with crystallization indicates that at least the hadronic component of cosmic-ray showers triggers nucleation. We explore the possibility of using this new technology for WIMP and low-mass dark matter searches, and conclude with a discussion of the interdisciplinary implications of radiation-induced freezing of water for chemistry, biology, and atmospheric sciences.
I. INTRODUCTION
The nature of dark matter has remained an enduring enigma for over eight decades now, for both cosmology and astroparticle physics. Continued lack of unambiguous evidence from direct detection experiments of the traditional Weakly Interacting Massive Particle (WIMP) has led to an impetus to consider particle masses both higher and lower than before, driven by many hypotheses/models [1] . The goal of this work is inexpensive, scalable detectors for low masses, but also multi-purpose.
Water has the advantages of hydrogen content, ideal for considering dark matter candidates O(1) GeV/c 2 in mass due to the recoil kinematics, and the possibility of a high degree of purification, even en masse [2] . Threshold detectors for dark matter, such as bubbles chambers employed by COUPP [3] then PICO [4] , while possessing no energy reconstruction, do have the advantage of a high degree of insensitivity to electron recoil backgrounds, in a search for nuclear recoil. The recoil energy threshold can remain low while the dE/dx threshold is high, both set simply by temperature and pressure of operation.
Instead of using superheated water in a bubble chamber, implemented successfully in the past [5] (though at higher energy threshold, not for a dark matter search) we consider here supercooled water, oft-studied [6] . The reason is that freezing is exothermic not endothermic like boiling. This should naïvely imply near-0 energy threshold, as the phase transition will be entropically favorable in this case. The frontier of lower-mass dark matter becomes within reach with lower-energy recoil threshold. * Corresponding Author: mszydagis@albany.edu
II. EXPERIMENTAL SETUP
A cylindrical fused quartz vessel from Technical Glass Products with hemispherical bottom and quartz flange at top for sealing was prepared with 22±1 g of water and a partial vacuum on top, 8.5±0.5 psia of water vapor at room temperature. The overall volume of water as active detector was limited by the low throughput of the final filter used, described below, likely caused by particulate build-up. The quartz vial was fully submerged in a Huber ministat circulator from Chemglass Life Sciences for thermal regulation, instrumented with three thermocouples for recording the temperatures, including the exothermic increase [7] . These were located near the top (below the flange), middle (water line), and bottom (hemispherical tip). A piece of plastic scintillator with an attached silicon photomultiplier (SiPM) served as the muon veto, situated below the thermo-regulating circulator, but aligned with the central vertical axis of the quartz.
A. Water Purification
Ordinary tap water was passed through a commercial deionizer and a 0.150-µm filter first, then boiled. Steam passed through multiple µm-scale filters and a final 20-nm NovaMem PVDF thin-film membrane filter similar to that used by [8] , which remained in place above the quartz jar during operation. The quartz was prepared by ultrasonic cleaning with an Alconox solution for 15 minutes at 50
• C and 25 kHz, rinsed with deionized and prefiltered (150-nm) water above, then dried before sealed in its flange assembly, in a Class-1000 cleanroom. A lowpower vacuum pump reached ∼1 psia before steam flow.
FIG. 1.
Photograph of the chiller used to house the snowball chamber prototype reported on in this work. Visible at top are the solenoid valve for filling with purified water, and on the screen the down/up temperature swings of running can be seen in yellow. At the left is a pressure transducer. Seated on the flange is an AmBe source. The thick black conduit at right is the connection to the bore-scope camera for observing freezing. (Lef t inset) The quartz itself containing the 22 mL (room temperature) of deionized and filtered water for supercooling. (Right inset) An example exothermic spike detected during an event. The temperature does not rise all the way to 0
• due to the chiller actively cooling still.
B. Data Collection
The water was cooled in an ethanol bath to −35
• /min, the best rate of the circulating chiller (Figure 1) . While introducing a lag in the water temperature, which we account for in the systematic uncertainty, this had the advantage of reaching a low temperature and thus higher degree of supercool rapidly [9] , in an effort to reach low energy threshold. The chiller sat on vibrationdampening pads, with a cut-out for the veto to sit directly beneath it. In addition to the three thermometers mentioned earlier for recording the internal bath temperature, a fourth recorded the room temperature, whose small variation was not observed to affect the results.
All data (temperature, pressure, camera, veto) was read in using National Instruments hardware and their LabView software, and taken continuously day and night, alternating control and source runs to minimize systematics (48-hour-long runs in 2017; 24-hour runs instead in 2018). An effort was made to ensure equal numbers of control and source runs with no preference for day, night, weekday, or weekend. The increase in temperature from the exothermic reaction of supercooled water crystallizing was used as the trigger for saving camera images, going back in the image buffer to ensure the moment of initial nucleation was captured, as there was a delay in the temperature spike ( Figure 1, right inset) . The middle thermocouple, closest to the water line (see water in bottom of quartz in Figure 1 , left inset) was used as the most reliable trigger source. See Figure 2 for a sample of camera data.
FIG.
2. An example of a triple-nucleation event, from 2018 AmBe data, suspected to be caused by multiple scattering. Red circles indicate the first frames in which a nucleation site appears. The first two "snowballs" merge rapidly; the second appears much later, implying it is from a different neutron. Unlike in a bubble chamber, there is no pressure increase activated after a trigger, so the unfrozen water volume remains supercooled and thereby active during an ongoing event. Also not like in superheating, nucleation is a slow process here [10] . For brevity/clarity, only every 3rd frame is pictured (150 ms).
One bore-scope camera, set to 480x234 resolution and 20 FPS, recorded events. A cool-down took 27 min starting at 20
• , followed by 27 min to increase back to 20
• set on the thermoregulator, to quickly melt the active mass and reset for the next 54-min cycle. The time spent supercooled by the water was logged for control, ∼200 n/s AmBe [11] nominally 90 µCi, Pb-shielded AmBe, and 10 µCi 137 Cs 662 keV gamma-ray source (2017 data-taking run) and for control, AmBe, Pb-shielded AmBe, and Pbshielded ∼ 3000 n/s 252 Cf [12] nominally 1 µCi source (2018). Shielding for these neutron sources was intended to prevent AmBe and Cf gammas from interfering with the operation of the thermocouple readouts [13] .
A thermocouple and not the one camera was used for the trigger due to image artifacts making reliable pixel subtraction for uncovering differences challenging, such as glare from the LEDs lighting the chamber, reflections including off the thermocouples on the quartz wall, the wall itself, or the water line, or bubbles or dust in the circulating ethanol surrounding the quartz (see Figure 2 ). Nevertheless, a resulting image can be relatively clear, with a black background filling in with the color of the LED used, since the light is scattered more effectively by ice crystals than in clear, pure liquid water. This is analogous to bubbles in the 15 kg COUPP bubble chamber with 90-degree lighting [14] .
The entire setup was disassembled and rebuilt in 2018 and data re-taken with a mixture of the same and different sources. The 3 red LEDs, which failed to remain operational at consistent lighting level long-term in the ethanol with thermal cycling, were replaced with a single blue LED. While image quality was somewhat enhanced, its different luminosity may have created a slightly different thermal load: control data in 2018 showed slightly longer supercool times. The calibration sources runs were once again alternated with control.
III. RESULTS
When an AmBe or Cf source is present during a datataking run of multiple cool-downs, the water does not remain in a metastable, supercooled state as long, freezing also at correspondingly higher temperature, as expected using the fixed cool-down rate. This time is "nominal," in the sense it is an overestimate, although the same across all runs with different sources, so it is used as a relative measure. There is thermal lag between the exterior quartz wall and water inside. In Figure 3 , a simple definition is used: the interval between when the water is below 0
• C and when it reaches its minimum temperature before the sudden sharp increase from freezing. No fit was performed, and so minute fluctuations are ignored, averaged over. An arithmetic mean of the supercool times as defined with all 3 thermocouples on the quartz is reported. Although no blinding was performed, bias mitigation was accomplished through a lack of any cuts in the analysis. The data are presented as is, in Figure 3 . The supercool time can be interpreted as the inverse of event rate, so that lower than control implies sensitivity to radiation. This is a more natural unit due to long reset times. Future work will explore more rapid methods of heating, a modular detector setup, or a supercooled droplet detector, in the vein of PICASSO for superheating [15] , to increase livetime. The control and gamma-ray results are nearly identical, as evidenced further by Figure 4 , despite the gamma source, albeit weak, possessing a rate over 3 orders of magnitude the neutron rate in the AmBe case, and 2 for Cf. This result implies that our detector possesses a "blindness" to electronic recoils similar to that of a bubble chamber, at least when compared to the type used for dark matter searches recently, operated at a lower degree of superheat than HEP chambers [4] .
A lower temperature may mean lower energy threshold, assuming our device acts like a reverse bubble chamber essentially: for the case of superheating it is well established that a higher temperature (and/or lower pressure) implies lower energy threshold [3, 4, 15] . For our early proof-of-concept initial prototype we have not as yet quantified energy threshold as a function of temperature, but the fact that all supercool times are at least ∼700 seconds, demonstrating a low effective event rate, even when a relatively hot neutron source is near including during cool-down, suggests that supercooled water does not become a sensitive radiation detector at least until a threshold temperature is passed (see also Table I ). The systematic uncertainty in the temperature minimum was estimated through camera observations of melting, and extrapolating the temperature as a function of time during cool-down to the moment of zero-crossing recorded by the chiller, compared to the thermocouple thermometers.
The quantitative results are suggestive of low neutron detection efficiency, O(1) MeV energy threshold still, so this is not yet a dark matter detector, at least for WIMPs. That being said, if 1 keV threshold is achievable for nuclear recoils (possible with superheated water at least [18] ), then 10,000 kg-days of exposure (only 100 kg of water underground for ∼3 months, or 10 kg for ∼3 years) would have an estimated spin-independent sensitivity of O(10 −7 -10 −8 ) pb in the mass range of ∼5-10 GeV. That assumes zero background, but the Cs results are suggestive of this being possible. Improvement of the water purity and container cleanliness [19] , hydrophobicity [9, 20] , and smoothness [21] , should eliminate wall and surface backgrounds, which can also be fiducialized out with position reconstruction. The lowenergy "shoulder" of the neutrino floor may be within reach, with our projection 2 orders of magnitude lower in cross-section than the most up-to-date world-leading results in this mass range from DarkSide [22] . For 500 MeV we project a world-best O(10 −40 ) cm 2 , using [23] .
The significance of the supercool times difference was diminished for the with-and without-source (AmBe) scenarios in the second set of runs, but a likely explanation is differing ethanol levels changing the amount of neutron moderation in such a hydrogen-rich fluid. The liquid level in the thermal bath was perhaps slightly higher in 2018. We were unable to simply maintain this as low as possible to avoid neutron moderation, as it was necessary to keep the entire water volume under the ethanol line to avoid a thermal gradient. To make a more definitive determination of the neutron detection ability we added the 252 Cf source, which, while possessing a slightly softer spectrum, had the advantages of not only producing more neutrons, but also being a more neutron-rich source (compared to its gamma production rate, vis-avis AmBe) [11, 12] . Further evidence of neutrons being responsible for freezing was accidentally observed when the first attempt at new data in 2018 showed no difference from control: it was found the bath level was ∼3 cm higher than in 2017. The source was on top as usual.
The low nucleation rate compared to source strengths is indicative of a clearly non-zero energy threshold [24] . While good for background rejection, the data are thus in tension with the original hypothesis of effectively no minimum energy. In retrospect, given that supercooling is even possible, it is sensible a threshold must exist [25] . Taken together the neutron and gamma-ray data suggest two thresholds, in energy and in stopping power, as in a bubble chamber. In spite of the freezing water outputting energy, in the form of heat, a positive energy input can trigger its nucleation with a local disturbance. The existence of a homogeneous nucleation limit for water hints at the threshold energy approaching zero close to it [26] .
B. Image Analysis
Given the potentially controversial nature of this work, with a discovery claim of a new property of water, and the reverse of what one would expect from the direction of the phase transition (for ionizing vs. non-ionizing radiation) at least when compared to the cloud chamber as a closer analogue than the bubble chamber, a further check was deemed necessary. To this end, the number of nucleation sites was counted to verify more in the presence of neutrons, which should be moderated in water, scattering multiple times visibly in the camera images.
This validation was performed manually in the style of decades-old bubble chamber photos, given the image quality issues discussed earlier making an automated process challenging, but due to camera failures it could only be reliably performed on the 2017 data. Bias mitigation took the form of mislabeled folders, initially resulting in an opposite conclusion to what is reported in this section.
The image analysis helped name this new particle detector type as the snowball chamber. A bulk event i.e. homogeneous nucleation (often clearly not edge or water surface or hemisphere heterogeneous nucleations through observation of the crystal "plume" initial shape and subsequent development) often seems spherically symmetric in nature prior to collision with a side or second nucleation [27] . Furthermore, the process, unlike bubble formation, cannot be halted via pressure change [28] , and temperature increase is not rapid enough, leading to a "snowball" effect where the entire volume freezes in time. The physical consistency (i.e. texture) of frozen supercooled water is also closer to snow than typical ice [29] .
Events occurring on the quartz wall or at the interface between the liquid and partial vacuum appeared to be more common especially for control runs. This is promising as a water purity indicator, but cannot be concluded reliably lacking 3D information. Therefore, this analysis was restricted to a counting of interaction sites without further interpretation. Table II shows a clear increase in multiple scattering, including 3 or more vertices, with an AmBe source 10 cm above the water level. The fraction of singles decreases further when 3 mm of lead shielding is used. Neutrons, but not gammas, make a difference.
TABLE II. Numbers of events with varying snowball vertex counts, listed as fractions of total events with usable images. This is consistent with the analyses of the differences in both the supercooled times and the lowest temperatures achieved. The uncertainties come from counting statistics alone, while systematics are minimized using painstaking hand-scanning. 137 Cs in green. Surprisingly, only the non-Pb-shielded AmBe data exhibits a strong peak. Possible explanations are discussed in text. Given this oddity, the analysis was cross-checked with the time of the exothermic spike, which agrees. Different particles appear in the "veto," including MeV-scale neutrons, as it is a simple scintillator, so a peak is not necessarily interpretable as muons (or their secondaries). Errors are statistical, while the black dotted line (horizontal) indicates the accidental coincidence probability, of ∼3%, the same across all data sets, so direct scintillation in the veto from the sources was not observed above background.
C. Cosmic Ray Muon Veto
We compared the timestamp assigned to the first saved camera frame in which at least 1 nucleation is visible as brighter pixels over a mostly-dark background to the closest muon veto pulse in time, forward or back, to determine if freezing could occur immediately after an SiPM pulse. This analysis was performed en masse after first collecting all freezing times before looking at veto data.
When these times were subtracted, a significant coincidence peak appears, even considering the non-negligible accidental coincidence rate from all the background radiation passing though the scintillator (see Figure 5) . The statement that radiation can freeze water is thus strengthened with the veto analysis, changing from a merely statistical statement over many events to a deeper event-level understanding. However, it is statistically significant only for the unshielded AmBe data, which is puzzling, especially given the fact that particular data barely shows any reduction in supercool time compared to control, unlike in the lead-shielded AmBe and Cf data sets.
Given the apparent electron recoil rejection, it is more likely that muon-induced neutrons and not muons themselves are generating events, as is often the case in direct WIMP detection experiments focusing on nucleon scattering. The sole peak may be caused by neutrons directly entering the scintillator via the quartz vertically, but lowered in energy and changed in direction (secondaries) with shielding. Future work will investigate this with full simulations. Another interpretation is the coincidence comes from the AmBe gammas, higher in energy than Cs, and the rejection power is a function of energy. This possibility also provides an alternative explanation of homogeneous nucleation of supercooled water droplets, which has been shown to scale with their size [20] , and may be related to the "baked Alaska" model of cosmic rays inducing a phase transition in superfluid 3 He [30] . From both the theoretical as well as existing experimental perspectives, cosmic-ray-induced phase-transitions similar to that in this work are not unknown [31] .
In a future dark matter experiment deployed deep underground it may be possible to compare to existing data on the homogeneous nucleation threshold as a function of droplet volume in water [20, 26] , to see if it occurs at a lower temperature underground, where the cosmicray flux is considerably lower [32] . This has never been attempted previously to the best of our knowledge.
This may be the solution to the technical and thermodynamic challenge of maintaining a large volume supercooled, while lowering the temperature in search of lower energy threshold. A large target is necessary for a competitive dark matter search, while a continuous volume is excellent for multiple-scatter characterization as we see here.
There is yet a good deal of room to go below -20
• C toward the min possible of below -40
• C for water [33] , and we have not even studied other liquids yet.
IV. CONCLUSION
We have documented here statistically significant evidence that non-ionizing radiation in the form of neutrons, but not ionizing radiation in the form of gamma-rays, can initiate the solidification process in sufficiently purified and supercooled water, a world first, to the best of our knowledge. This was accomplished by logging the amount of time a volume of water spent supercooled in a quartz vessel both with and without the presence of a radioactive calibration source. We have also shown that elastic neutron multiple scattering leads to multiple nucleation sites forming in a single volume of supercooled water in a short period of time, likely from nuclear recoils within the water molecules, another new discovery. We dub our new device the snowball chamber, echoing the names of the cloud chamber and the bubble chamber from particle physics history, based on the nature of phase transition used.
The combination of properties of this new type of detector are suggestive of being useful for direct dark matter detection. The high rate of coincidence between the timing of crystallization and pulses registered in the muon veto underneath the active volume of water impact a different field as well, namely, atmospheric science, wherein supercooled water is studied, being highly germane [34] . Our result implies that an impurity such as dust is not necessary for nucleation of supercooled water in the atmosphere, but only radiation itself, of which there is naturally a greater amount in the form of cosmic rays in the uppermost reaches of the atmosphere. This work is complementary to that of CERN's CLOUD [35] , and may also intersect tangentially with astronomy. Planets like those in the Trappist-1 system close to a red dwarf star producing more radiation than our sun, if possessing (supercooled) water in their atmospheres, may experience different cloud formation rates and climate than currently modelable [34, 36] .
The freezing of a supercooled liquid via incident radiation is also an undiscovered chemistry process, heretofore unknown. In chemistry, radiation such as x-rays have been used to study the microscopic properties of supercooled water, but to the best of the authors' knowledge, supercooled water has never been bombarded by particles (at least not neutrons) in an effort to trigger the process by which the water crystallizes [37] [38] [39] . In biochemistry, our new result may affect the study of animals which capitalize on supercooling of their blood in addition to or in place of more ordinary means of freezing point depressing like salt content adjustment, such as the arctic ground squirrel potentially [40] . Naturally occurring radiation may disrupt supercooled blood.
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